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Annual Report 
PCRP Predoctoral Traineeship Award 
W81XWH-06-1-015 
Stathmin: A “Relay Protein” in the Development of Prostate Cancer and a Potential 
Target for Anti-cancer Therapy 
P.I. Ritwik Ghosh, PhD 
 
Introduction 
 
The long term goal of this project is to determine whether stathmin can be targeted as an 

effective therapy in the clinic against prostate cancer (PCa). The central hypothesis of 

this proposal is that overexpression of stathmin promotes PCa development and blocking 

stathmin expression sensitizes PCa cells to anti-cancer therapies such as taxotere and 

erbitux. The purpose of this work is to i) correlate stathmin overexpression with 

progression of PCa, ii) determine the signaling pathways activated through selective 

phosphorylation of stathmin and whether inactivation of these pathways promotes 

sensitization to treatment with Taxotere or Erbitux and iii) examine the effects of 

stathmin expression on tumor development and the outcomes Taxotere and Erbitux on 

blocking tumorigenesis in tissue recombination and transgenic mouse models. The 

rationale is to develop combinatorial treatment strategies for better clinical management 

of PCa patients. Targeting stathmin in PCa can potentially sensitize patients to treatment 

with Taxotere or Erbitux. Since the agents selected have already been used in the clinic, 

successful outcomes in the animal models can result in rapid clinical trials.  
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Statement of Work 
PCRP Predoctoral Traineeship Award 
W81XWH-06-1-015 
Stathmin: A “Relay Protein” in the Development of Prostate Cancer and a Potential 
Target for Anti-cancer Therapy 
P.I. Ritwik Ghosh, PhD 

 

Task 1 

Investigate how the levels of stathmin expression regulates tumorigenesis in prostate 

cancer cells 

a) Study stathmin expression by immunohistochemistry in tissue arrays containing 

low grade and high grade human prostate samples from 111 patients to analyze and 

semi-quantify the levels of stathmin expression as they increase with cancer grade. 

The levels of stathmin expression to be compared to that in benign prostatic 

hyperplasia (BPH). 

Status: Stathmin expression has been studied in tissue arrays arranged 

according to Gleason Pattern. The initial immunohistochemistry on a tissue 

array containing 111 patient samples exhibited background staining and 

hence was not fit for any statistical analyses. New tissue arrays were procured 

from The Prostate Cancer Center at Vancouver General Hospital, University 

of British Columbia, British Columbia, Canada. A total of 200 cores from 50 

BPH and PCa patients were arrayed in a sequential pattern from Gleason 

Pattern 3 to 5. Stathmin expression was studied by immunohistochemistry in 

these tissue arrays. Stathmin expression was found to increase with Gleason 

Pattern in a statistically significant manner. 
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b) Study the consequence of stathmin overexpression or loss of expression on    

proliferation, migration and invasion using NeoTag1 and NeoTag2 cells. 

Status: Stathmin expression has been successfully knocked down in NeoTag1 

and NeoTag2 cells using SMARTpool siRNA from Dharmacon. In an article 

published in December 2005, Mistry et al. showed that knocking down 

stathmin expression in androgen-independent LNCaP cells caused a cell cycle 

arrest, induced apoptosis and suppressed clonogenic potential of the cells [1]. 

Performing the same experiments in the NeoTag cells would have been 

repetition. To avoid repetition, we knocked down stathmin and looked for 

other changes that might be occurring. Apart from the NeoTag1 and NeoTag2 

cells, we knocked down stathmin in LNCaP, PC-3 and DU145 cells too. 

Surprisingly, in the DU145 cells, knocking down of stathmin induced an EMT 

(Epithelial to Mesenchymal Transition) like phenotype. Of the prostate cancer 

cell lines mentioned, DU145 is the only one that undergoes TGFβ induced 

EMT like phenotype. Knocking down stathmin sensitized the cells to TGFβ 

induced cellular morphology changes resulting in quicker EMT like 

phenotype. We found that stathmin may be modulating epithelial to 

mesenchymal transition of DU145 cells. Since this is a key event in invasion 

and subsequent metastasis in the tumor microenvironment, we postulate that 

stathmin may be involved in tumor metastasis. We evaluated the smad-

dependent and -independent mechanisms of TGFβ activation in the context of 

EMT phenotype, and determined that stathmin modulates smad-independent 
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activity of TGFβ. In our knowledge, this is the first report establishing 

stathmin as a modulator of TGFβ activity.  

 

Task 2 

Determine which signaling pathway is activated through selective phosphorylation of 

stathmin and whether inactivation of this pathway promotes sensitization to treatment 

with Taxotere or Erbitux. 

Status: Phosphoantibodies against specific serine residues of stathmin were 

used to study phosphorylation pattern in NeoTag1 and NeoTag2 cells. We also 

studied phosphorylation in LNCaP, PC-3 and DU145 cells. The small 

molecule kinase inhibitors failed to knock down stathmin phosphorylation in 

all cell lines tested. Hence as an alternative, we designed primers to generate 

phosphorylation site mutants to knock down stathmin phosphorylation in 

these cell lines. Generation of plasmids containing phosphorylation site 

mutant stathmin sequence and subsequent expression of these plasmids in the 

cells are pending. We also started investigating the mechanisms by which 

stathmin modultes the EMT phenotype in the DU145 cells. We have 

established that stathmin can modulate the MAPK pathway both in prostate 

(DU145) and breast (NMuMG) cells to initiate EMT development. This 

finding is significant as stathmin can then be potentially targeted for drug 

discovery to maintain a normal epithelial phenotype and control tumor 

spread. We have also identified p38MAPK as the first reported downstream 

effector of stathmin function in the prostate.  
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Task 3 

Evaluate the effects of stathmin expression on tumor development and the outcomes of 

Taxotere, Erbitux treatment on blocking tumorigenesis and metastasis in tissue 

recombination and transgenic mouse models. 

Status: Not yet started. 
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Summary of the Project 
PCRP Predoctoral Traineeship Award 
W81XWH-06-1-015 
Stathmin: A “Relay Protein” in the Development of Prostate Cancer and a Potential 
Target for Anti-cancer Therapy 
P.I. Ritwik Ghosh, PhD 

 

 Proteins which regulate normal development may promote tumorigenesis, tumor 

progression, or metastasis through dysregulation of these functions. We postulate that 

proteins, which regulate prostate growth also promote prostate cancer (PCa) progression. 

Stathmin was identified by two-dimensional gel electrophoresis and mass spectrometry. 

Stathmin levels increase early during normal mouse prostate development and again 

during prostate tumor development and progression [2]. In human prostate 

adenocarcinoma, stathmin increases in Gleason pattern 5 [2]. Further, stathmin is 

differentially phosphorylated in androgen-dependent LNCaP cells compared to androgen-

independent PC-3 and DU145 cells [2]. This differential phosphorylation is modulated by 

androgen and anti-androgen treatment [2]. Hence, we have established that stathmin 

expression is highest when the prostate is undergoing morphogenesis or tumorigenesis 

and these processes may be regulated through differential phosphorylation. Furthermore, 

modulation of stathmin phosphorylation may correlate with the development of 

androgen-independent PCa. 

 The main tasks for the second year of this proposal have been 1) study the 

consequence of stathmin expression modulation on proliferation, migration and invasion 

using NeoTag1 and NeoTag2 cell and 2) determine whether modulation of stathmin 

activity can sensitize prostate cancer cells to treatment with Taxotere and Erbitux. Mistry 

et al., exhibited in December 2005 that knocking down stathmin expression in prostate 
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cancer cells caused a cell cycle arrest, induced apoptosis and suppressed clonogenic 

potential [1]. The same group published in 2006 that knockdown of stathmin sensitized 

LNCaP cells to treatment with Taxol and Etoposide [3]. The group again published in 

2007 that stathmin downregulation sensitized endothelial cells to Taxol treatment [4]. In 

view of these publications, it would have been repetitive to do the same experiments in 

NeoTag cells. So, we started investigating the biological effect of knocking down 

stathmin in prostate cancer cells. We used SMARTpool siRNA to knock down stathmin 

expression in PC-3, LNCaP, BPH and DU145 cells. Interestingly we saw that knocking 

down stathmin induces a cell shape change in DU145 cells. Unpublished data from our 

lab shows that of the cell lines mentioned above, only DU145 undergoes EMT upon 

TGFβ treatment (Fig. 1 and 2). Stathmin downregulation resulted in an epithelial-to-

mesenchymal transition (EMT) like phenotype in the DU145 cells (Fig. 2). 

 

 

 

Figure 1. TGFβ induced EMT in PCa cells. LNCaP, PC-3 and BPH cells were treated with 5ng/ml and 
10ng/ml TGFβ and EGF respectively, alone or in combination for 7 days. EMT was not observed in any 
of these cell lines. (Unpublished Data)
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Figure 2. RNAi mediated downregulation of stathmin induces EMT in DU145 cells without 
TGFβ treatment. SMARTpool siRNA was used to knock down stathmin. Cells transfected with 
non-targeting control siRNA, requires 7 days of TGFβ treatment to elicit EMT phenotype. However, 
cells transfected with stathmin siRNA exhibit EMT within 24 hours and without TGFβ treatment. 
(Unpublished Data)  

 
 
 
When stathmin is knocked down, EMT cells appear spontaneously within 1 day and 

without TGFβ treatment (Fig. 2). In contrast, cells transfected with non-targeting control 

siRNA require 7 days of TGF-β1 treatment to undergo EMT  (Fig. 2). 

Immunnocytochemical (Fig. 3 Panel A)and western blot analysis (Fig. 3 Panel B) 

exhibits that knockdown of stathmin resulted in increased expression of mesenchymal 

marker vimentin and a concomitant decrease in epithelial marker, E-cadherin (Fig 3 

Panels A & B). Downregulation of E-cadherin was also accompanied with a 

downregulation of p120 suggesting that E-Cadherin, Vimentin and p120 levels are 

modulated by stathmin (Fig 3 Panels A).   
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 Figure 3. Stathmin downregulation in DU145 cells results in EMT-like cells with 
decreased E-cadherin and increased vimentin expression. A. Immunofluorescence 
analysis reveals decreased E-cadherin and p120 and increased vimentin expression in 
DU145 cells transfected with stathmin siRNA. Mock transfection and non-targeting 
control siRNA transfection does not affect E-cadhein, p120 and Vimentin expression. B. 
Western blot analysis to confirm stathmin downregulation in cells transfected with 
stathmin siRNA. Donwregulation of E-cadherin and up-regulation of vimetin in siRNA 
transfected cells is also confirmed. (Unpublished Data) 
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Smad molecules are effectors of TGFβ signaling in the cell. As discussed in 

Chapter V, binding of the ligand to TGFβ Receptor Type II leads to the recruitment of 

TGFβ Receptor Type I and results in active receptor ligand complex. Subsequently, 

Smad2 and Smad3 is phosphorylated, to complex with Smad4, for subsequent 

translocation into the nucleus to activate transcription of target genes such as slug and 

snail. TGFβ can elicit the EMT phenotype through either a smad -dependent or –

independent mechanim. The smad-dependent mechanism leads to the activation of genes 

such as snail and slug, which represses E-cadherin expression. The smad-independent 

mechanism can involve a number of molecules such as p38MAPK, RhoA, p160ROCK 

etc., and also suppress E-cadherin expression.  We sought to identify which of these 

pathways is being modulated by stathmin in EMT. DU145 cells transfected either with 

control siRNA or with stathmin siRNA were treated with increasing concentrations of 

human recombinant TGF-β1 (0, 0.1, 0.5, 2.0, 5.0ng/ml) (Fig. 4 Panel A). Smad2  and 

Smad3 phosphorylation was studied by western blot analysis with antibodies raised 

against specific phospho-forms of Smad molecule (Fig. 4 Panel A). Interestingly, 

phosphorylated levels of Smad2 and Smad3 are similar at all concentrations tested 

irrespective of the presence or absence of stathmin expression (Fig. 4 Panel A). Since 

phospho-Smad2/3 levels were highest at 5.0ng/ml of TGF-β1, DU145 cells were treated 

with this concentration for 0, 1, 2, 4 and 8 hours to determine the effects of stathmin 

expression on Smad2 and Smad3 phosphorylation over time (Fig. 4 Panel B). Irrespective 

of stathmin expression levels, TGF-β1 treatment caused Smad2 and Smad3 

phosphorylation to increase with time up to 2 hours, after which it gradually decreased 

till no phosphorylation could be detected at 8 hours (Fig. 4 Panel B). These results 
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indicate that stathmin regulates the TGF-β1-mediated EMT formation through a smad-

independent mechanism.  

 
 

 
 
 
 
 
 
 
 
 

Figure 4. TGFβ-induced Smad2/3 and P38 phosphorylation in DU145 cells transfected with 
control or stathmin siRNA. A.  Smad2 and Smad3 phosphorylation increases with increasing 
concentration of TGFβ (0-5ng/ml). Phosphorylation levels are similar in control- or stathmin-siRNA 
transfected cells. B. Smad2 and Smad3 phosphorylation is maximal after 1 hr of treatment with 
5ng/ml TGFβ both in control- and stathmin-siRNA transfected cells. Phosphorylation at other time 
points are also similar between the two groups implying stathmin does not affect Smad 
phosphorylation. P38 phosphorylation at all time points is higher in stathmin-siRNA transfected cells, 
implying that stathmin downregulation can activate p38. C. Densitometric analysis reveals that 
stathmin downregulation results in a 4-fold induction in P38 phosphorylation in stathmin-siRNA cells 
compared to control-siRNA cells after 1 hr of TGFβ treatment. (Unpublished Data) 
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We next sought to determine if stathmin could modulate p38MAPK activity to 

elicit the EMT phenotype. TGFβ treatment has been reported to increase p38 

phosphorylation in a time-dependent manner. As described earlier, DU145 cells 

transfected with control/stathmin siRNA were treated with 5.0ng/ml TGF-β1 for 0, 1, 2, 4 

and 8 hours (Fig. 26 Panel B) and p38 phosphorylation was studied by western blot  

analysis with an antibody that recognizes phosho-p38. p38 appears to be constitutively 

phosphorylated in stathmin siRNA-transfected DU145 cells, even in the absence of TGF-

β1 treatment (Fig. 4 Panel B). Furthermore, p38 is maximally phosphorylated after 1hour 

(~4-fold compared to time 0 hour) (Fig. 4 Panel C) of TGF-β1 treatment and phospho-

p38 decreases to basal levels by 4 hour. In contrast, phospho-p38 levels increased 

minimally at 2 hours post treatment in cells transfected with control siRNA. In cells 

transfected with stathmin siRNA, p38 phosphorylation was higher at all time-points 

tested compared to cells transfected with control siRNA (Fig. 4 Panel B and C).  

 

 These observations suggest that stathmin modulates p38 activity during EMT. If 

stathmin regulates EMT formation by modulating p38 activity, then inhibiting p38 

phosphorylation should inhibit/delay appearance of EMT in DU145 cells transfected with 

stathmin siRNA. To test this hypothesis, we used the small molecule kinase inhibitor 

SB203580 to block p38 phosphorylation in DU145 cells transfected with stathmin or 

control siRNA (Fig. 5 Panels A and B). SB203580 has been reported to specifically block 

p38 phosphorylation. As described earlier, cells transfected with stathmin siRNA undergo 

EMT within 24 hours. In contrast, DU145 cells transfected with stathmin siRNA, but 

treated with SB203580 failed to transition into spindle-shaped cells indicative of the 
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EMT phenotype (Fig. 5 Panel A). Western blot analysis confirms that p38 

phosphorylation was inhibited by SB203580 (Fig. 5 Panel B). Double 

immunofluorescence was performed to determine the effects of inhibiting p38 

phosphorylation on cell phenotype (Fig. 6). In stathmin siRNA-transfected DU145 cells 

treated with SB203580, E-cadherin is re-expressed and vimentin expression is lost 

resulting in the restoration of the epithelial phenotype (Fig. 6). These data substantiate the 

observation that stathmin regulates TGF-β-mediated EMT by modulating p38MAPK 

activity.  

 

 
 
 
 

 
 
  

Figure 5. Blocking P38 activity inhibits EMT phenotype in stathmin-siRNA transfected DU145 cells. 
A. DU145 cells transfected with stathmin siRNA were treated with TGFβ and SB203580, either alone or in 
combination. Untreated cells  and cells treated with TGFβ exhibit EMT phenotype within 24 hours of 
siRNA transfection. However cells treated with SB203580 alone or in combination with TGFβ do not 
undergo EMT. B. Western blot analysis to confirm that treatment with SB203580 results in downregulation 
of p38 phosphorylation. p38 levels do not change with treatment and GAPDH has been used to ensure equal 
loading in all the lanes. (Unpublished Data) 
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Figure 29. Inhibiting p38 phosphorylation restores epithelial phenotype in 
DU145 cells transfected with stathmin-siRNA. Cells transfected with control 
siRNA express E-cadherin and stathmin but do not express Vimentin. Cells 
transfected with stathmin siRNA express Vimentin but do not express E-
cadherin and stathmin. However, inhibiting P38 activation by using SB203580 
results in the reexpression of E-cadherin and downregulation of Vimentin, 
implying epithelial phenotype is restored in absence of stathmin. 
(Unpublished Data) 

 
 
 
 
 
 
 
 
Research Goals/Training Accomplishments 
 

1) In-depth immunohistochemical and statistical analyses on a tissue array  

containing  prostate tissue samples from human BPH and prostate cancer 

patients. 

2) RNA interference technology to knock down stathmin in a variety of human 

and mouse prostate cancer cell lines. 

3) Designing primers to introduce site –directed mutagenesis to generate hyper- 

and hypo-phosphorylated stathmin. 

4) Completion of PhD degree. 
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Reportable Outcomes 

1) Peer-reviewed publication 

a) Increased expression and differential phosphorylation of stathmin 

may promote prostate cancer progression. Ritwik Ghosh, Guangyu 

Gu, Erin Tillman, Jialing Yuan, Yongqing Wang, Ladan Fazli, Paul S. 

Rennie, Susan Kasper. Prostate. 2007 Jul 1;67(10):1038-52. PMID: 

17455228 

 

2) Manuscript in preparation 

a) Stathmin modulates TGFβ mediated EMT formation in prostate 

cancer cells. 

 

Conclusions 

In summary, we propose that stathmin is a regulator of epithelial cell homeostasis. 

Stathmin may exhibit differential function in normal compared to cancer cells, similar to 

the duel roles of TGF-β as a tumor suppressor in normal cells and a tumor promoter at 

later stages of cancer progression. Stathmin over-expression has been associated with a 

number of different cancers including leukemia  as well as breast, ovarian and prostate 

cancer. Immunohistochemical studies reveal that increased stathmin protein levels 

correlate positively with poor outcome. On the other hand, mechanisms, which disrupt 

stathmin expression, such as activation of TGF-β1 signaling, result in destabilization of 

the cytoskeletal framework of the epithelial cell and progression to EMT. This 

observation is apparently counter-intuitive, since EMT has been associated with 
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progression to a more aggressive tumor phenotype leading to invasion and metastasis. 

Thus, on one hand, increased stathmin expression correlates with high grade prostate 

cancer and on the other hand inhibition of stathmin expression can potentially make the 

tumor more aggressive. One possibility is downregulation of stathmin expression is 

required for transformation into more motile EMT cells, which now metastasize to distant 

organs. Once the invading cells home to a distant organ they may undergo the reverse 

mesenchymal-to-epithelial transition (MET), re-express stathmin, and grow as epithelial 

cells.   Thus, stathmin represents an attractive target for therapeutic intervention aimed at 

maintaining a normal epithelial phenotype and controlling tumor spread.  
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IncreasedExpressionandDifferential Phosphorylation
of StathminMayPromote Prostate

Cancer Progression

Ritwik Ghosh,1,2 Guangyu Gu,1 Erin Tillman,1,2 Jialing Yuan,1

Yongqing Wang,1 Ladan Fazli,3 Paul S. Rennie,3 and Susan Kasper1,2*
1DepartmentofUrologic Surgery,Vanderbilt UniversityMedical Center,Nashville,Tennessee

2TheVanderbilt-IngramCancer Center,Nashville,Tennessee
3The Prostate Cancer Centerat VancouverGeneralHospital,Universityof British Columbia,

BritishColumbia,Canada

BACKGROUND. Proteins which regulate normal development may promote tumorigenesis,
tumor progression, or metastasis through dysregulation of these functions. We postulate that
proteins, which regulate prostate growth also promote prostate cancer (PCa) progression.
METHODS. TwoDimensionalGel Electrophoresiswasutilized to compare patterns of protein
expression in 12T-7f prostates (LPB-Tagmousemodel for PCa) during tumor development and
progression with those of normal developing and adult wild type CD-1 prostates. Stathmin
expression and phosphorylation patterns were analyzed in mouse and human PCa cell lines as
well as in human PCa tissue arrays.
RESULTS. Stathmin was identified by two-dimensional gel electrophoresis and mass
spectrometry. Stathmin levels increase early during normal mouse prostate development and
again during prostate tumor development and progression. In human prostate adenocarci-
noma, stathmin increases in Gleason pattern 5. Further, stathmin is differentially phosphory-
lated in androgen-dependent LNCaP cells compared to androgen-independent PC-3 and
DU145 cells. This differential phosphorylation is modulated by androgen and anti-androgen
treatment.
CONCLUSION. Stathmin expression is highest when the prostate is undergoing morphogen-
esis or tumorigenesis and these processes may be regulated through differential phosphoryla-
tion. Furthermore, modulation of stathmin phosphorylation may correlate with the
development of androgen-independent PCa. Prostate 67: 1038–1052, 2007.
# 2007 Wiley-Liss, Inc.

KEY WORDS: stathmin; tumorigenesis; prostate cancer; prostatic intraepithelial
neoplasia (PIN); adenocarcinoma; tissue recombination

INTRODUCTION

Multiple molecular events control prostate cancer
initiation, growth, invasion, and metastasis. In spite of
the prevalence of PCa, our understanding of the genetic
alterations occurring during these processes is limited.
In normal mouse prostate development, prostatic bud
commitment occurs at embryonic day 16 when signal-
ing centers develop and subsequently invade the
mesenchymal pad and induce epithelial cell elements
[1,2]. At birth, prostatic buds are rudimentary and
morphogenesis of these structures occurs primarily in

the postnatal period from 1 to 5 weeks (wks) of age
when outgrowth ceases and maturation of the prostate
gland is complete [1,2]. At 6 weeks of age, the animal is

*Correspondence to: Susan Kasper, Department of Urologic Surgery,
A-1302 Medical Center North, Vanderbilt University Medical
Center, 1161 21st Avenue South, Nashville, TN 37232-2765.
E-mail: susan.kasper@vanderbilt.edu
Received 9 January 2007; Accepted 8 March 2007
DOI 10.1002/pros.20601
Published online 23 April 2007 in Wiley InterScience
(www.interscience.wiley.com).

� 2007Wiley-Liss, Inc.



sexually mature and mitotic cells are typically not
observed in the growth quiescent adult prostate [1,2].
Numerous prostate cancer models have been gener-
ated bydisrupting the expression of a gene of interest in
transgenic mice [3]. Typically, epithelial cells prolifer-
ate and develop into lesions ranging from hyperplasia
to low- and high-grade intraepithelial neoplasia
(LGPIN and HGPIN, respectively), locally invasive
carcinoma and/or metastases. Reactive stromal pro-
liferation is also observed [3].

Several developmentally regulated proteins have
been implicated in the tumorigenic process. For
example, theNkx3.1 homeobox gene is an earlymarker
of prostate epithelium during embryogenesis and is
expressed at all stages of prostate differentiation [4,5].
The adult prostate continues to expressNkx3.1 and loss
of expression promotes prostatic epithelial hyperplasia
anddysplasia,which increase in severitywith age [4,5].
Notch-1, another developmental protein, is expressed
more highly in early postnatal than in adult prostate
and is required during branching morphogenesis,
growth, and differentiation [6,7]. Inactivation of Notch
enhances proliferation and impairs differentiation of
prostatic epithelial cells. Downregulation of Notch-1
and Hey-1 expression is also observed in human
prostate adenocarcinoma samples [6,7]. Sonic hedge-
hog (Shh) is expressed in developing prostatic epithe-
lium and activates Gli-1 expression in adjacent
mesenchyme to promote branching morphogenesis
[8]. Shh signaling is not restricted to development,
being detected in normal and prostate cancer tissues. In
the LNCaP xenograft tumor model, Fan and co-work-
ers demonstrated that overexpression of Shh in LNCaP
cells increased Gli-1 expression in adjacent tumor
stroma and promoted tumor growth [8].

In the present study, we used two-dimensional gel
electrophoresis to identify proteins, which may pro-
mote PCa development. This proteomics approach
allowed us to compare protein expression profiles in
controlCD-1developing andadult prostateswith those
in 12T-7f prostate tumors. Earlier, we had generated
the LPB-Tag transgenic model by using a 10.8 kb
rat probasin promoter region to target SV40 large
T antigen (small t antigen is deleted) to the mouse
prostate [9,10]. The 12T-7f prostate tumors develop in
parallel with sexual maturation, since large T antigen
gene is under control of the androgen-regulated
probasin promoter. Tumors continue to exhibit a
high proliferative index, PIN and localized adenocar-
cinoma; however, metastasis is rarely seen [10,11].
Using this model, we identified the phosphoprotein
stathmin.

Stathmin is a 148 amino acid ubiquitous cytosolic
phosphoprotein whose nomenclature also includes
p19 [12], prosolin [13], Lap18 [14], metablastin [15],

and Oncoprotein 18 or Op18 [16]. Overexpression of
stathmin has been associated with leukemia, breast,
and ovarian cancer [16–23]. The functions of
stathmin can be broadly classified as: (a) regulation
of microtubule dynamics [24] and (b) non-micro-
tubule functions which include: (i) regulation of
prolactin, and (ii) regulation of muscle cell differen-
tiation by growth factors, hormones and neuro-
transmitters [25].

Stathmin is a highly conserved protein and the
N-terminal contains four serine residues which are
phosphorylated by diverse groups of extracellular
factors in mammalian cells [26], suggesting that
stathmin participates as a ‘‘relay protein’’ in several
intracellular signalingpathways [25]. Thefirst pathway
involves PAK1 and Ca2þ/calmodulin-dependent
kinase which phosphorylate stathmin at serine 16
(Ser16) [27]. Phosphorylation by PAK1 requires Rac/
Cdc42 and has been shown to inhibit stathmin-induced
destabilization of microtubules, thereby regulating
F-actin and microtubule dynamics [27,28]. The second
pathway involves mitogen-activated protein (MAP)
kinase ERK2 which when triggered by growth factor
receptors, phosphorylates stathmin at Ser25 [29,30]. A
Ser25 to alanine mutation blocks phosphorylation and
inhibits cell growth in leukemic K562 cells [23]. A third
pathway involves cyclin-dependent kinase 1 (CDK1)
whichphosphorylates stathmin at Ser38 [31]. Inhibition
of Ser38 phosphorylation blocks cell division and
induces a G2/M block in K562 cells [32]. Phosphoryla-
tion of stathmin at Ser63 by Protein Kinase A (PKA)
represents the fourth pathway [33] and a Ser63 to
alanine mutation which prevents phosphorylation at
this residue results inmicrotubuledestabilization anda
cell cycle arrest in K562 cells [34,35]. At this time, it is
not clear which of these pathways is involved in
promoting PCa.

Our study demonstrates that postnatally, stathmin
expression is high in prostatic epithelium and declines
as the prostate differentiates into a growth quiescent
gland. Stathmin expression is elevated again during
PCa development and continues to be expressed
during PCa progression. Analyses of archival human
prostate tissue sections indicate that stathmin is
initially expressed in the basal cell compartment in
Benign Prostatic Hyperplasia (BPH), whereas stathmin
is overexpressed in luminal epithelial cells in PIN
and continues to be expressed in adenocarcinoma.
Furthermore, differential stathmin phosphorylation is
observed in androgen-independent PC-3 and DU145
cells compared to androgen-dependent LNCaP cells,
suggesting that stathmin activity is modulated with
PCa progression. Understanding which pathways
stathmin regulate is imperative to identifying potential
targets for treatment of PCa.
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MATERIALSANDMETHODS

Animals and Tissues

CD-1 and LPB-Tag 12T-7f mice on a CD-1 back-
ground were housed in the animal care facility at
Vanderbilt University Medical Center in accordance
with the National Institutes of Health (NIH) and
institutional guidelines for laboratory animals. CD-1
males and females were purchased from Harlan
(Indianapolis, IN). The 12T-7f mouse model for
prostate cancer has been described in detail elsewhere
[9,10]. This model was generated by utilizing the long
probasin promoter (�10,806 to þ28 bp, LPB) to target
the Large T antigen (Tag) gene to the mouse prostate.
Small t-antigen is not expressed in this model. Tumor
incidence is 100% inmice heterozygote for the LPB-Tag
transgene and Tag expression occurs specifically in
prostate epithelial cells. Tumor growth is rapid,
histologically containing PIN and localized adenocar-
cinoma. CD-1 as well as 12T-7f mice were bred to
provide normalCD-1 and 12T-7f prostates at 1, 2, 3, 4, 5,
6, 10, 15, and 40 weeks of age. The number of CD-1
prostates dissected for the early times points were
approximately 900 for 2weeks, 450 for 3weeks, and 300
for 4 weeks of age, resulting in a total of 1,650 mouse
dorsal lobes dissected. The CD-1 dorsal prostates were
pooled into three groups of 300 for 2 weeks, 150 for
3 weeks of age, and 100 for 4 weeks of age. The same
number of prostates was dissected for the 12T-7f mice,
kept separateuntil genotypingwas completed and then
separated into three pools for each time point as
described above. As age increased, the prostatic lobes
were larger and the number of prostates required per
group decreased. All data presented is generated from
the dorsal prostate (DP). For immunohistochemical
analysis, individual prostatic lobes were fixed in 10%
buffered formalin and subjected to standardprocessing
and paraffin embedding.

Cell Culture

DU145 cells were cultured in MEM media (Gibco,
Grand Island NY)) supplemented with 10% FBS
(Hyclone, Logan UT), 2 mM glutamine (Gibco),
0.1 mM non-essential amino acid (Gibco) and 1.0 mM
sodium pyruvate (Gibco). PC-3 cells were cultured in
F-12K Nutrient mixture supplemented with 10% FBS.
LNCaP cells were cultured in RPMI 1640 media
supplemented with 10% FBS, 1.25 g/500 ml of Glucose
and 1.0 mM sodium pyruvate. BPH1 cells were
cultured in RPMI 1640 media supplemented with 5%
FBS. NeoTag cells were cultured as described pre-
viously [36]. HeLa and HeLa-AR cells were cultured in
low glucose DMEM (Gibco) supplemented with 10%
FBS. For the androgen and anti-androgen treatments,

LNCaP cellswere cultured in 24-well plates at a density
of 105 cells/well and upon reaching 80% confluency
were treatedwith androgens and anti-androgens. Cells
wereharvested 24hr later inRIPAbuffer andprocessed
for Western blot analysis as described below.

Western BlotAnalysis

Cell proteins were isolated using RIPA buffer and
concentration determined using the BCATM Protein
Assay Kit (Pierce, Rockford IL). Total protein (20 mg)
were separated by hand cast 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS–
PAGE) and transferred onto HybondTM ECLTM Nitro-
cellulose membranes (Amersham Pharmacia Biotech,
Uppsala, Sweden). The membranes were blocked with
5% skim milk (BD, Sparks, MD) and incubated with a
1:1,000 dilution of rabbit polyclonal anti-stathmin
antibody (Cell Signalling Technology, Boston, MA) or
a rabbit polyclonal anti-p-Ser16-stathmin/rabbit poly-
clonal anti-p-Ser63-stathmin (SantaCruzBiotechnology,
Santa Cruz, CA)/rabbit polyclonal anti-p-Ser25-stath-
min/rabbit polyclonal anti-p-Ser38-stathmin (gift from
Dr. Andre Sobel, Paris). Membranes were washed and
incubated with 1:10,000 dilution of horseradish perox-
idase-linked anti-rabbit IgG (Amersham Pharmacia
Biotech). Proteinswere visualized in ECL-plus solution
(AmershamPharmacia Biotech, Uppsala, Sweden) and
exposed on HyperfilmTM ECLTM (Amersham Pharma-
cia Biotech) for 3–5 min. To ensure equal amount of
protein was loaded in each lane, the membrane was
stripped using 100 mM 2-mercaptoethanol, 2% SDS,
62.5mMTris-HCL for 30min at 708C,washed, blocked,
and subjected to immunodetection as outlined above
using mouse polyclonal anti-GAPDH (1:5,000) as
primary antibody (IMGENEX, San Diego, CA).

Real-TimeRT-PCRAnalysis

Stathmin mRNA levels in developing and in adult
CD-1 prostates were compared to those in 12T-7f
mouse tumors. cDNA was generated from 2 mg total
RNA from 1, 2, 3, 4, 5, 6, and 10-week CD-1 and 12T-7f
prostates and used in PCR reactions to determine
stathmin expression levels. The following primerswith
an annealing temperature of 588Cwere used in the PCR
reaction: forward primer, 50-CACCATGGCTTCTTCT-
GATATCCAGG-30; reverse primer, 50-AAATTAGT-
CAGCTTCAGTCTCGTCAGC-30. The standard curve
was generated using serial dilutions of pGEM-TEasy-
Stathmin plasmid containing full-length stathmin
cDNA. The human 18S gene was subcloned into
pGEM-TEasy (Promega) and served as internal stan-
dard. PCR amplification was performed using SYBR
Green PCR Core Reagent (Applied Biosystems, Foster
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City, CA), followed by analysis of melting curves to
validate the real-time RT-PCR data and agarose gel
electrophoresis of an aliquot from each RT-PCR
product to monitor purity of the specific RT-PCR
product. Stathmin concentrations (in mM) were deter-
mined and standardized to the 18S product from the
same sample.

Gleason PatternTissueMicroarray (TMA)

Slides (H&E) from radical prostatectomy specimen
(from 1989 to 2003) were obtained from the Vancouver
General Hospital. The patients had no prior treatment.
Benign and cancer lesions were identified and marked
indonor paraffin blocks usingmatchingH&E reference
slides. The TMAwas constructed using amanual tissue
micro arrayer (Beecher Instruments, Silver Spring,
MD). Each marked block for benign and cancer was
sampled 4 timeswith a corediameter of 0.6mmarrayed
in rectangular patternwith 1mmbetween the centers of
each core, creating a quadruplet TMA layout which
was arrayed by increasing Gleason pattern from 3 to 5
(Table I). To score stathmin staining, the number of
stathmin positive cells per each core were counted and
the cores from each patient averaged and graphed. A
total of 4 cores/patient or 200 cores from 50 patients
were included in the TMA.

Immunohistochemistry (IHC) and
Immunofluorescence (IF)Microscopy

Archival human prostate specimens as well as CD-1
and 12T-7f mouse prostate samples were formalin-
fixed and paraffin-embedded. Five micron tissue
sections were cut, deparaffinized and subjected to
antigen retrieval by immersing the slides in Antigen
Unmasking Solution (Vector Laboratories, Burlingame,
CA), microwaving for 10 minutes and allowing
the slides to cool to room temperature in the buffer.
The slides were then washed twice in distilled water
prior to IHC analysis. Slides were incubatedwith a 1:50
dilution of rabbit polyclonal anti-stathmin antibody

(Cell Signaling Technology, Boston, MA) for standard
IHC analysis and a combination of anti-stathmin and
monoclonal mouse anti-p63 antibody (NeoMarkers,
Fremont, CA) for double IF microscopy overnight at
48C. For standard IHC, sections were processed and
developed using DakoCytomation LSAB1þ System-
HRP (Dako North America Inc., Carpinteria, CA). The
sections were counterstained with hematoxylin, dehy-
drated and mounted with Permount1 (Fisher Scien-
tific, Hampton, NH). For double IF analysis, sections
were blocked using 3% donkey serum and 3% BSA in
phosphate buffered saline (PBS). After incubating with
primary antibodies, sections were washed and incu-
bated with donkey anti-rabbit Alexa Fluor 488 (green)
and donkey anti-mouse Alexa Fluor 594 (red) (Mole-
cular Probes) secondary antibodies to detect stathmin
and p63 respectively. Sections were washed and
mounted in Vectashield1 mounting medium contain-
ing DAPI (Vector Laboratories, Burlingame, CA). All
digital images were captured using the Zeiss Axiovi-
sion Camera and software attached to a Zeiss Imager
M1 microscope. The Tissue Microarray was stained
for stathmin utilizing the Discovery XT Autostainer
(Ventana Medical System Inc, Tuscan Arizona) and
DABMap.

Two-Dimensional Gel Electrophoresis
andMass Spectrometry

Tissue proteins were extracted in lysis buffer (7 M
urea, 2 M thiourea, 4% CHAPS, 30 mM Tris, 5 mM
magnesium acetate). One hundred micrograms of
protein from 3 wk developing CD-1 prostates, 15 wk
adult CD-1 prostates and 15 wk 12T-7f prostate tumors
were labeled with 200 picomoles of Cy2, CY3, or Cy5
(Amersham Biosciences, Piscataway, NJ) respectively
for 30 minutes on ice in the dark. Samples were treated
with 2 ml of 10 mM lysine for 10 minutes on ice in the
dark to quench the reactions. The three samples were
then combined and added to an equal volume of 2�
rehydrationbuffer (7MUrea, 2M thiourea, 4%CHAPS,
4 mg/ml DTT) supplemented with 0.5% immobilized
pH gradient (IPG) buffer 4–7. Standard 2D gel
electrophoresis was performed using an IPGphor
first-dimension isoelectric focusing unit and 24 cm
4–7 IPG strips (Amersham Biosciences, Piscataway,
NJ) to co-resolve combined samples labeled with
Cy2/3/5. The samples were reduced and alkylated
with 1% DTT and 2.5% iodoacetamide in equilibration
buffer (6 M urea, 30% glycerol, 2% SDS, 50 mM Tris
pH 8.8) before second dimension separation on a 12%
SDS-PAGE using an Ettan DALT 12 unit (Amersham
Biosciences, Piscataway, NJ). Hand-cast SDS-PAGE
gels were used for second dimension separation using
low fluorescence glass plates, with one glass plate
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TABLE I. TissueArray RepresentingBPHand PCa

Histopathology
of specimen

Number of
patients

BPH 12
Gleason Pattern 3 12
Gleason Pattern 4 10
Gleason Pattern 5 16
Total 50

A total of 4 cores/patient or 200 cores from 50 BPH and PCa
patients were arrayed in sequential order from Gleason pattern
from 3 to 5.
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presilanized (bind-silane, Amersham Biosciences,
Piscataway, NJ) to affix the polymerized gel to only
one of the glass plates.

CyDye-specific imageswere acquired in the 2D 2920
Master Imager (Amersham Biosciences, Piscataway,
NJ) using mutually exclusive excitation/emission
wavelenths. DeCyder Differential In-gel Analysis soft-
ware (Amersham Biosciences, Piscataway, NJ) was
used to calculate individual protein spot volume ratios.
Mean values were calculated from a modeled normal
distribution of all spot volume relations. Two standard
deviations calculated from the mean were used to
identify protein spot features with significant abun-
dance changes within the 95% confidence interval.

2D-gels were stained with Sypro Ruby Red (Mole-
cular Probes) according to themanufacturer’s protocol.
Proteins of interest were robotically excised and
digested in-gel with trypsin protease (Promega) using
Ettan Spot Picker and Digester Workstations (Amer-
sham Biosciences, Piscataway, NJ). Peptides were
reconstituted in 10 ml of 0.1% trifluoroacetic acid. C18
ziptip pipette tips (Millipore, Billerica, MA) were
used to desalt/concentrate into 2 ml of 60% acetonitrile
and 0.1% trifluoroacetic acid. AVoyager 4700 (Applied
Biosystems) was used to performMatrix-assisted laser
desorption/ionization, time-of-flight (MALDI-TOF)
mass spectrometry. Peptide mass maps, acquired in
reflectron mode averaging 2,000 laser shots per
spectrum, were internally calibrated to within 20 ppm
mass accuracy using trypsin autolytic peptides (m/
z¼ 842.51, 1045.56, and 2211.10). MASCOT (www.ma-
trixscience.com) andProFound (prowl.rockefeller.edu)
database search algorithms were used to interrogate
human sequences in the SWISS-PROT and NCBInr
databases respectively. Masses of tryptic peptides
were used to identify proteins from MALDI-TOF. The
search algorithm allowed for carbamidomethylation of
cysteine, partial oxidation of methionic residues and
one missed trypsin cleavage.

Tissue RecombinationAssay

Tissue recombination experiments using NeoTag
cells were performed as previously described [36].
Briefly, 100,000 epithelial (NeoTag) and 300,000
mesenchymal (rat embryonic urogenital mesenchyme
(UGM)) cells were combined in suspension. The cell
mixtures were pelleted and reconstituted in 50 ml
of neutralized type I rat tail collagen prepared as
described previously. Recombinants were incubated at
378C for 15 min to allow solidification of the collagen
plug and subsequently incubated in RPMI 1640
medium supplemented with 5% FBS at 378C overnight
and grafted under the renal capsule of male athymic
nude mice. NeoTag cells without UGM were used

as control recombinants. After 4 weeks, mice were
euthanized and tissue recombinants were dissected
and processed for immunohistochemistry by standard
methods.

RESULTS

Stathmin Expression IsUpregulatedDuring
ProstateMorphogenesis and Tumorigenesis

In the present study, we used two-dimensional gel
electrophoresis to identify proteins, which may
be involved in promoting PCa development. Our
approach was to compare periods in which prostate
growth is highest to those in which the prostate is
growth quiescent. Since normal prostate development
continues postnatally up to 5 weeks of age, we selected
the 3 week normal CD-1 prostates as representative
of active prostatic development. Fifteen week CD-1
prostates were chosen to represent mature growth
quiescent glands since few, if any, proliferating cells
can be detected. The LPB-Tag line 12T-7f mouse PCa
model was selected since these tumors undergo rapid
proliferation and develop PIN with limited localized
adenocarcinoma lesions. Protein lysateswere prepared
from 3 and 15 weeks CD-1 dorsal prostate lobes and
compared with those from 15 weeks 12T-7f tumors.
One hundred micrograms protein lysate from 3 and
15 week CD-1 and 15 week 12T-7f tumor tissue were
labeled with Cy2, Cy3, and Cy5 respectively, mixed
and proteins separated by isoelectric point in the first
dimension and molecular weight in the second dimen-
sion. The three dyes facilitated: (a) visualization of the
three individual proteins under their respective wave-
lengths and (b) selection of protein spots differentially
over- or underexpressed in the developing normal
prostate (3 weeks CD-1) and prostate tumors (15 wk
12T-7f) compared to those in the 15 wk growth
quiescent adultCD-1prostate gland. Spots correspond-
ing to these criteria were excised, treated with trypsin,
and the tryptic digest analyzed by MALDI-TOF MS.
The protein stathmin was identified using this
approach (Fig. 1A). Stathmin expression increased
2.66-fold in the developing CD-1 prostate compared
to the adult prostate. Stathmin levels were further
upregulated in 12T-7f prostate tumors compared to the
CD-1 developing and adult mouse prostate (2.31-fold
and 5.74-fold respectively, Fig. 1B). Therefore, stathmin
expression followed the anticipated pattern of a
developmentally regulated protein whose expression
was upregulated in tumor progression. The ion signals
at m/z¼ 945.51, 1,074.58, 1,165.56, 1,312.69, 1,388.76,
and 1,527.81 identified stathmin using a peptide mass
mapping strategy that yielded statistically significant
search scores and 36% protein coverage (Fig. 1C).
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Predicted MW and isoelectric point were consistent
with the gel region.

Stathmin expression at these time points was
further analyzed by IHC to identify the prostatic
cell, which expresses stathmin. Tissue sections from
3- and 15-week CD-1 prostates and 15-week 12T-7f
prostate tumors were stained using anti-stathmin
antibody and analyzed by light microscopy. IHC
analysis determined that stathmin is only expressed
in luminal epithelial cells and that as expected, the
highest levels of expression occur in the 3 week CD-1
prostate and in 12T-7f tumors (Fig. 2A). Western
blot analysis was performed by separating 20 mg
protein from these samples on 12% SDS–PAGE and
probing the resulting immunoblot with anti-stathmin

antibody. Again, stathmin expression was greatest
in the 3-week CD-1 prostate and in 12T-7f tumors
(Fig. 2B). Densitometric analysis indicated that
stathmin levels in the 3-week CD-1 prostate increased
2-fold (P< 0.05) compared to the 15-week CD-1
prostate and that stathmin expression in 12T-7f
tumors increased �18-fold (P< 0.05) compared to
the 15-week CD-1 prostate (Fig. 2C). These observa-
tions confirm the expression pattern of stathmin
generated by two-dimensional gel electrophoresis,
namely that stathmin expression is elevated in the
developing prostate and that this expression is even
greater in 12T-7f tumors.

We subsequently performed real-time RT-PCR to
determine the levels of stathmin expression during the
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Fig. 1. Identification of Stathmin in normal prostate and prostate tumor development.A: Two-dimensional gel electrophoresis and Mass
Spectrometryofnormalmouseprostate compared to12T-7fprostate tumors.Proteinwas extracted fromdorsalprostatelobesrepresenting
thedevelopingnormalprostate(3weekleftpanel), thegrowthquiescentnormalprostate(15week,centerpanel)andtheprogressing tumor
(15week, rightpanel).Onehundredmicrograms ofprotein fromeach tissuewas labeledwithCy2,Cy3, andCy5 respectively,mixed and co-
resolvedbypHinthefirstdimensionandmolecularweightintheseconddimension.Thegelwasanalyzedunder therespectivewavelengthsand
spots selected thatrepresentproteinswhich areupregulated in the developingnormalprostate and in the12T-7f prostate tumors.The arrow
indicates theproteinspot-of-interestthatwasdeterminedtobestathmin.B:Graphicalrepresentationofstathminproteinlevels.Statminlevels
in the 3 weeks developing prostate increased 2.66-fold compared to the growth quiescent prostate. Stathmin expression in15 week12T-7f
prostatetumorsiselevated2.31-foldand5.74-foldcomparedtonormal3weeksdevelopingand10weeksadultprostatesrespectively.C:Protein
profile of the tryptic peptides.The protein spot representing stathminwas excised, digestedwith trypsin as described in the Materials and
Methods sectionandseparatedbyMALDI-TOFMS.The trypticpeptidescorrespondedto stathmin.
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continuum for prostatic development from2 to 5weeks
of age and in thematureprostatic gland (6 and10weeks
of age). The numbers of prostates per time point are
described in theMaterials andMethods section and the
time course for both CD-1 normal and 12T-7f prostate
tumor samples are presented in Figure 3. In CD-1
prostates, stathmin expression was highest at 2 weeks
of age and declined steadily to 5 weeks of age. This
decrease correlated with completion of branching
morphogenesis at 5 weeks of age. At 10 weeks of age,
stathmin expression was below detection limits of the
assay, suggesting that high levels of stathmin expres-
sion were not required in the growth quiescent
prostate.

By comparison, stathmin expression in 12T-7f
tumors was greater in all age groups tested. Stathmin
expression decreased from 2 to 3 weeks but then
unexpectedly increased sixfold compared to that in the
3 week 12T-7f prostate. This dramatic rise in stathmin
expression was statistically significant (P< 0.001),
since three sample groups consisting of 100 dorsal
prostatic lobes/group were analyzed at the 4-week
time point, and did not appear to correlate to known
events in prostate development. At 5 weeks, stathmin
levels decreased to those observed at 3 weeks after
which a second rise in stathmin expression occurred
and continued up to 10 weeks of age (although not to
the levels seen at 4 wks). In summary, the expression
pattern in normal CD-1 prostates is distinct from that in
12T-7f tumors, being highest early on in prostatic
development and decreasing to nearly undetectable
levels with age. In contrast, stathmin expression in
12T-7f prostates appears biphasic with a dramatic
increase 4 weeks postnatally and a second lesser
increase prior to the completion of prostate maturation
at 5 weeks of age.

Stathmin Is ElevatedDuring PINand
AdenocarcinomaDevelopment in theNeoTagTissue

RecombinationModel

Cell lines that express stathmin in vitro and
recapitulate 12T-7f tumors in vivo would be advanta-
geous in order to analyze the mechanisms by which
stathmin influences prostate growth and tumor devel-
opment. In this study, we used the NeoTag1 and
NeoTag2 cell lines, which were established from
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Fig. 2. Immunohistochemical (IHC) analysis of Stathmin expression in nomal prostate and12T-7f prostate tumors.A: IHCComparison of
stathmin expression inCD-1normal 3weekdeveloping and15week adultprostatewith15week12T-7f prostate tumors.TopPanel: Paraffin-
embedded sections were probedwith HRP-conjugated anti-rabbit IgG as negative control. Scale: 50 mm.Lower Panel: Paraffin embedded
sectionswereprobedwith rabbit anti-stathmin primary antibody andHRP-conjugated anti-rabbit IgG to detect stathmin expression. *indi-
catesPINlesions.Scale: 50mm.B:WesternBlotanalysis.Proteinextractsof the three tissuesdescribedinPanelAwereseparatedby12%SDS^
PAGE,transferredtoPVDFmembraneandprobedfor stathminexpressionusingrabbitanti-stathminprimaryantibody.C:Densitometric ana-
lysisof theWesternblotpresentedinPanelB.DensitometrywasperformedanddatawasanalyzedusingImageJsoftware.Stathminexpression
wasnormalizedtoGAPDH.Thisgraph summarizes thedataof four individualWesternblotanalyses.

Fig. 3. RealTimeRT-PCRanalysisof stathminexpressioninCD-1
normal and12T-7f tumor prostates during development.RNAwas
extracted from 2, 3, 4, 5, 6 and10-week-old prostates from CD-1
and12T-7fmiceandstathminexpressionwasquantifiedbyRealTime
RT-PCR.Numberofmicepergroupandmethodologyarediscussed
in theMaterialandMethods section.
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tumors obtained by crossbreeding 12T-7f mice with
ARR2PB-Neo mice to generate NeoTag bigenic mice.
The establishment of the neomycin-resistant, Tag-
expressing, cell lines is described in detail else-
where [36]. Briefly, dorsolateral prostatic lobes from
three 17-week-old ARR2PBneo�LPB-Tag male mice
were dissected separately and cultured, generating
three individual prostate epithelial cell lines desig-
nated as NeoTag1, NeoTag2, and NeoTag3. These
prostate cell lines were cultured under 10�8M andro-
gen selection and all NeoTag cell lines express the
androgen receptor. In the tissue recombination assay,
early passage NeoTag1 cells develop into prostate
tumors, which primarily develop PIN with limited
adenocarcinoma lesions whereas NeoTag2 cells
develop into tumors which contain primarily adeno-
carcinoma with some PIN. Thus, the tissue recombi-
nants reconstitute a phenotype that is similar to the
original 12T-7f tumors in that they develop PIN.
However, they also show traits consistent with tumor
progression [36].

In our study, NeoTag1 cells were selected to
represent PIN lesions and NeoTag2 cells were selected
to represent tumor progression. IHC analyses of
NeoTag1 and NeoTag2 tissue recombinants were
compared to determine whether stathmin expression
increased with tumor progression. As per protocol
described in the Materials and Methods section,
NeoTag1 and NeoTag2 tissue recombinants were
established by recombining 100,000 NeoTag1/2 cells
with 250,000 rat embryonic UGM cells and grafting
themunder the renal capsule of adultmale nudemouse
hosts for 4 weeks. The resulting tumors were subjected
to IHC analysis to identify the cell type that expressed
stathmin and to determine whether stathmin express-
ed increased in tumor progression from PIN to adeno-
carcinoma. Low levels of stathmin were observed in
luminal epithelial cells of normal prostatic glands and

stathmin expression increased in PIN lesions (Fig. 4
Panel A). In contrast, stathmin staining was most
intense in adenocarcinoma lesions in NeoTag2 tumors
(Fig. 4 Panel B), indicating that upregulation of
stathmin expression coincided with PCa progression.

Increased Stathmin ExpressionOccurs
inHuman PCa

To characterize stathmin expression in human PCa,
we compared archival paraffin embedded tissue
sections containing PIN and adenocarcinoma adjacent
to benign prostate by IHC. In benign tissue, stathmin
expression was primarily localized to the basal epithe-
lial cells of prostatic glands (Fig. 5 panels a and b). Only
a few luminal epithelial cells stained positive for
stathmin within any given section. In PIN lesions,
stathmin expression was predictably observed in basal
epithelial cells; however its expression now strongly
increased in luminal epithelial cells (Fig. 5 panels c and
d). Double immunofluorescence staining with anti-p63
antibody, a basal epithelial cell marker, and anti-
stathmin antibody further confirmed this pattern of
expression in benign cells (Fig. 5 panels f, i, and j) and
PIN lesions (Fig. 5 panels h, k, and l). The prostatic
stroma was always found negative for stathmin
staining.

Human prostate cancer is analyzed by the Gleason
grading system for diagnosis and prognosis in the
treatment of men with PCa. This system defines five
histological patterns with decreasing differentiation
ranging from Gleason pattern 1 which identifies a
well-circumscribed nodule of glands, which does
not infiltrate into adjacent benign prostatic tissue to
Gleason pattern 5 in which there is an almost complete
loss of glandular structure and epithelial cells invade
the surrounding stroma. The most prevalent plus
the secondmost prevalent patterns are added to obtain
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Fig. 4. StathminexpressioninNeoTag1andNeoTag2tumorsgeneratedbytissuerecombination.NeoTag1andNeoTag2cells(derivedfrom12T-
7f tumors) were recombinedwith rat embryonic urogenitalmesenchyme and grafted under the renal capsule.This model recapitulates the
original12T-7f tumors.Paraffin-embeddedsectionswereprobedwithrabbit anti-stathminprimaryantibodyandHRP-conjugatedanti-rabbit
IgGtodetect stathminexpression.*, adenocarcinoma.>, prostatic intraepithelialneoplasia (PIN).
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a Gleason score. We have available a prostate tissue
microarray (TMA) which contains tissue cores repre-
senting BPH and Gleason patterns 3 through 5. The
TMA consisted of 200 cores from a total of 50 BPH and
PCaprostate biopsies (Table I). IHCanalysis using anti-
stathmin antibody revealed that stathmin expression
significantly increased in cores containing Gleason
pattern 5 compared to cores containingGleasonpattern
4 (P< 0.05), Gleason pattern 3 (P< 0.01) and BPH
(P< 0.05) (Fig. 6). Thus, increased stathmin expression
correlates with the most advanced pattern of PCa.

Stathmin Is Differentially Expressedin
Androgen-Dependent andAndrogen-Independent

PCaCell Lines

The observation that increased stathmin expression
correlates with adenocarcinoma and local stromal
invasion suggests that stathmin may play a role in
tumor progression. Several cell lines that represent
different aspects of advanced prostate cancer are
available. These include the human PCa cell lines
PC-3 andDU145which do not require androgen for cell
growth, the human LNCaP cell linewhich is androgen-
sensitive and the mouse NeoTag1 and NeoTag2 cell

lines which also require androgen for growth. These
lines were tested byWestern blot analysis and densito-
metric values were normalized to GAPDH. Stathmin
levels in androgen-independent PC-3 and DU145 cells
were 6-fold and 4.5 fold higher (P< 0.05) respectively,
compared to those observed in androgen-sensitive
LNCaP cells (Fig. 7, densitometric data not shown).
Thus increased stathmin expression correlated with
androgen-independent cell growth. Furthermore,
stathmin increased 1.5-fold inNeoTag2 cells compared
to NeoTag1 cells (Fig. 7), correlating with the IHC
where NeoTag2 cells predominantly formed adeno-
carcinoma in vivo compared to NeoTag1 cells which
develop primarily PIN lesions (Fig. 4).

Stathmin Is Differentially Phosphorylated inHuman
andMouse Prostate Cell Lines

Stathmin contains four serines, Ser16, Ser25, Ser38,
and Ser63, which are differentially phosphorylated to
integrate different intracellular signals (Fig. 7a). We
obtained four serine-specific phospho-antibodies to
compare stathmin phosphorylation levels in the PC-3,
DU145, LNCaP,NeoTag1, andNeoTag2 cell lines. Cells
were cultured in their respective medium as described
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Fig. 5. Stathmin localization in benign human prostate and human prostate tumor tissue. Paraffin embedded human prostate sections
containing benign, PIN and adenocarcinoma lesions were stainedwith anti-stathmin antibody. Panel a, benign human prostate tissue. Scale
50mM.Panel b:MagnifiedregionasindicatedinPanel a. Scale,10mM.Panel c,PINandadenocarcinoma.Scale50mM.Panel d,magnifiedregion
asindicatedinPanelc. Scale,10mM.#indicatesbenignprostatichyperplasia (BPH)@;PIN; adenocarcinoma.Arrowsindicatebasalepithelial
cellsand*, luminalepithelialcells.Doublefluorescencestaining(Panelse^l)wasperformedtoidentify thecelltypeexpressing stathmin.Archi-
val humanprostate tissue sectionswere stainedwith anti-stathmin and anti-p63 antibody. Secondary antibodies to detect stathmin andp63
weredonkeyanti-rabbitAlexaFluor488(green)anddonkeyanti-mouseAlexaFluor594respectively(red).Panelse(DAPI), f (stathmin),I (p63),
andj (merged)representbenignprostate.Panelsg (DAPI),h (stathmin),k (p63), andl (mergerd)representsPIN.
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in the Methods and Materials section, harvested and
subjected toWestern blot analysis.As seen in Figure 7b,
stathmin was phosphorylated at Ser16 in PC-3 and
DU145 with the highest levels observed in PC-3 cells.
Little to no phosphorylated Ser16 was detected in
LNCaP cells. Conversely, phosphorylated Ser63 was
greatest in LNCaP cells compared to PC-3 and DU145
cells. Hence, phosphorylation at Ser16 seems to be
prevalent in androgen-independent PCa cells whereas
phosphorylation at Ser63 seems to be predominant in
androgen-sensitive cells. Phosphorylation at Ser25 and
Ser38 were not observed in these three cell lines. This
is an important observation as it may enable us to
elucidate molecular pathways differentially modu-
lated by stathmin in androgen-dependent versus
androgen-independent state of the disease. In contrast,
stathmin was phosphorylated at all four serines in the
NeoTag1 andNeoTag2 cell lines,with phosphorylation
at Ser16 being higher inNeoTag2 cells compared to that
in NeoTag1 cells (Fig. 7).

Androgens andAnti-AndrogensModulate
Stathmin Phosphorylation

The differential phosphorylation of Ser16 in PC-3
and DU-145 cells and Ser63 in LNCaP cells suggest
that stathmin may hold divergent roles in androgen-

independent compared to androgen-dependent PCa.
Androgens regulate normal prostate development and
they promote the development of PCa. Even during
androgen deprivation therapy when androgen levels
are biochemically reduced, the androgen receptor (AR)
signaling pathwaymay still be activated through other
mechanisms [37]. To elucidatewhich serine residues on
stathmin were phosphorylated in response to andro-
gen and anti-androgen treatment, AR-positive LNCaP
cells were treated with vehicle (ETOH), DHT (10�8M),
hydroxyflutamide (10�5M), bicalutamide (10�5M), or a
combination of DHT and hydroxyflutamide or DHT
and bicalutamide for 24 hr. Proteinswere extracted and
Ser16 and Ser63 phosphorylation was analyzed by
Western blot analysis.

Ser16 phosphorylation increased 2-fold with DHT
treatment and 3.4-fold with hydroxyflutamide treat-
ment (Fig. 8). The ligand binding domain of the LNCaP
AR contains a threonine to alanine point mutation at
amino acid 877 (T877A) which allows hydroxyfluta-
mide to function as an agonist [38]. Thus it is possible
that phosphorylation of Ser16 increased through the
agonistic activity of antiandrogen treatment. In pre-
sence of both DHT and hydroxyflutamide, Ser16
phosphorylation increased nearly 9-fold in the
LNCaP cells, indicating that DHT and hydroxyfluta-
mide in combination resulted in a synergistic effect
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Fig. 6. Analysis of stathmin expression during human prostate cancer progression. A human prostate tissue array containing samples
arrangedaccording toincreasingGleasonpattern(seeTable1)wasanalyzedtodeterminelevelsofstathminexpression.PanelA:Representative
imagesofBPH,Gleasonpatterns3,4, and5humanprostate specimens.PanelB: Stathminexpressionwasquantifiedbycounting thenumberof
stathminpositivecellspereachcoreandthecores fromeachpatientwereaveragedandgraphed.

Stathmin in ProstateCancer Progression 1047



(Fig. 8). However, treatment with bicalutamide did not
increase Ser16 phosphorylation over the EtOH control
and did not cause a synergistic or additive effect
in combination with DHT treatment. Interestingly,
changes in Ser63 phosphorylation were not as pro-
nounced as Ser16, increasing only 1.6-fold in response
to DHT treatment and 1.8-fold in response to combina-
tion treatment of DHT and hydroxyflutamide treat-
ment. The remaining treatment groups exhibited little
or no induction in Ser63 phosphorylation (Fig. 8). These
observations indicate that antiandrogen treatment
upregulates Ser16 phosphorylation in androgen-sensi-
tive LNCaP cells, whereas Ser16 phosphorylation
in androgen-independent (PC-3 and DU145) cells is
already elevated in the absence of hormonal treatment
(Fig. 8).

DISCUSSION

Androgen deprivation therapy is the most used
form of treatment of de novo or recurrent metastatic
PCa. Unfortunately, patients with advancedmetastatic

disease develop androgen-independent or hormone-
refractory PCa and will ultimately succumb to their
disease. A number of genetic and epigenetic mechan-
isms have been implicated in this process including
activation ofARby amplification,mutations, or growth
factors, overexpression of oncoproteins, or emergence
of androgen-independent cell populations (potentially
from prostatic stem cells) that confer resistance to
androgen deprivation therapy [37].We discovered that
stathmin expression was elevated in normal develop-
ing mouse prostates and 12T-7f tumors compared to
growth quiescent adult prostates (Figs. 1–3). The
pattern of this expressionwas similar to that of proteins
such as Nkx3.1, Shh, and Notch-1, which have been
implicated in the development of PCa. In PCa, Nkx3.1,
and Notch-1 expression are lost (4, 5). Shh expression
however, is increased in PCa (4, 5). Increased stathmin
expression was also detected in human PIN and
adenocarcinoma (Fig. 5). Thus, the expression pattern
of stathmin parallels that of developmental factors
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Fig. 7. Stathmin expression and phosphorylation at N-terminal
SerineResiduesinhumanandmouseprostatecelllines.PanelA:Dia-
grammatic representation of thephosphorylation sites of stathmin
at Ser16, Ser25, Ser38, and Ser63.PanelB:Westernblot analyses of
stathmin expression andphosphorylation using anti-stathmin anti-
bodyandantibodiesspecific to thefourphosphoserinesofstathmin.
Stathmin is conserved in rodents and humans and therefore, the
phospho-antibodiesrecognizetheirrespectivephosphorylatedser-
ines inboth species. Androgen-independent PC-3 andDU145 cells,
androgen-dependent LNCaP cells, mouse NeoTag1 and NeoTag2
prostate tumor cells were cultured as described in the Materials
and Methods section.Twenty micrograms of protein were loaded
per laneandthepatternof stathminphosphorylationdetermined.

Fig. 8. Regulation of Stathmin phosphorylationby androgen and
anti-androgen treatment. PanelA:Western blot analysis stathmin
phosphorylation in response to androgen and antiandrogen treat-
ment. LNCaP Cells were treatedwith10�8 M dihydroxytestoster-
one (DHT),10�8 M hydroxyflutamide (OHF),10�8 M bicalutamide
alone or in combination as indicated.Fortymicrograms of protein
were loadedper lane.Only Ser16 and Ser63 arepresented since Ser
25 and Ser38were notphosphorylated in PC-3,DU-145 or LNCaP
cells.PanelB:Densitometric analysisof theWesternblotinPanelA.
AnalysiswasperformedutilizingImageJsoftwareandlevelsofserine
phosphorylationwere normalized to total stathmin normalized to
GAPDH.This Western blot analysis is representative of four sepa-
rateexperiments.
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such as Shh and suggests that stathmin may exhibit
functions similar to Shh in normal prostate develop-
ment and PCa.

The ontogeny of stathmin expression during normal
prostate development is significantly different from
that of 12T-7f tumor development and progression.
Stathmin expression is highest early during normal
branching morphogenesis and declines steadily to
barely detectable levels in the growth quiescent
prostate (Fig. 3). Postnatally, the prostatic buds grow
out through mesenchymal/epithelial interactions [39]
until outgrowth ceases and the gland is fully developed
at 5 weeks of age [1,2]. The increased levels of stathmin
expression at 2 and 3 weeks of age imply that it
may play a role during branching morphogenesis. In
contrast, stathmin levels appeared elevated at all time
points during tumor development. However, increase
in these levels was biphasic, with an initial increase
from2 to 4weeks and a second lesser increase, from5 to
10 weeks of age. The mechanism for inducing the
dramatic rise in stathmin levels at 4 weeks is not clear.
Inmurine embryofibroblastVal5 cells, induction of p53
gene resulted in a 70–90% reduction in stathmin
mRNA levels [40]. Furthermore, p53 regulates stath-
min expression by repressing stathmin promoter
activity [41]. Thus, it is conceivable that loss of p53
activity or decreased p53 expression during develop-
ment upregulate stathmin expression and thereby
promote cell cycle progression. Similarly, increased
stathmin expression in Gleason 5 tumors would
correlate with loss of functional p53, an important but
relatively late event in prostate cancer progression.

The probasin promoter is regulated by androgens
and therefore probasin-driven transgene expression
is upregulated early in prostatic development. In
ARR2PB-Cre mice, androgen-regulated Cre expression
in prostate is detected as early as 2 weeks of age [42]. In
the same way, chloramphenicol acetyl transferase
(CAT) expression occurs as early as 2 weeks of age
and continues to increase in parallel with sexual
maturation in the LPB-CAT model [43]. In the LPB-
Tag mice, expression of prostatic large T antigen (Tag)
is also under control of the probasin promoter and
results in the sequestration of p53 and Rb [9]. Thus,
the spike in stathmin expression at 4 weeks may
coincide with the loss of functional p53 through
binding to the Tag protein. A p53-independent
mechanism may also, in part, regulate stathmin
expression since NeoTag2 cells express 1.5-fold more
stathmin than NeoTag1 cells although both cell lines
have similar Tag expression levels [36]. The role of
stathmin during normal prostate and prostate tumor
development remains to be determined.

Friedrich et al. [44] initially reported that stathmin
expression increases in poorly differentiated human

PCa.Weperformed amore extensive analysis, utilizing
a tissue microarray containing tissue cores exhibiting
histological changes from Gleason pattern 3 to 5,
including benign tissue controls from BPH specimens.
Stathmin expression is similar during Gleason patterns
3 and 4, but a significant increase in stathmin levels
occurs in Gleason pattern 5 (Fig. 6), suggesting that
stathmin expression parallels the development of
advanced adenocarcinoma in human PCa. A similar
increase is observed in NeoTag2 recombinant tumors
where the development of adenocarcinoma is greater
than that in NeoTag1 recombinant tumors (Fig. 4).
Thus, this in vivo model could be utilized to study
the mechanisms by which stathmin influences PCa
progression to advanced adenocarcinoma.

Stathmin expressionwas alsodifferentially localized
in BPH, PIN, and adenocarcinoma. In BPH, stathmin
expression occurs in the basal epithelial cell layer
whereas in PIN, stathminwas present in both basal and
luminal epithelial cells. In adenocarcinoma, basal cells
are absent, but the epithelial cells still stain strongly for
stathmin (Fig. 5). These data suggest that stathmin
localization to epithelial cells and elevated expression
levels represents a more advanced phenotype. Other
proteins involved in PCa progression show similar
patterns of expression. Matrix metalloproteinase 2
expression has been associated with tumor aggressive-
ness in prostate cancer. Membrane type 1-matrix
metalloproteinase (MT1-MMP), an activator of latent
MMP-2 (pro-MMP-2), is differentially localized to basal
epithelial cells in benign prostatic glands, whereas
secretory luminal epithelial cells are rarely positive.
Conversely luminal epithelial cells show cytoplasmic
MT1-MMP staining inHGPIN [45]. Themitogen FGF-2
is produced by stromal cells and promotes normal
epithelium cell growth. However, in human PCa,
epithelial cells acquire the autocrine expression of
FGF-2, which may further stimulate cancer cell
proliferation, enhance cell motility, and angiogenesis
of primary and metastatic cancers [46]. Thus, the
relocalization of stathmin to secretory epithelial cells
may promote tumor aggressiveness and metastasis in
PCa progression.

Several studies have indicated that stathmin pro-
motes cell growth and tumorigenesis. Loss of stathmin
expression in K562 leukemic cells abrogates anchorage
independent cell growth and causes growth arrest [47].
Similarly, loss of stathmin expression in LNCaP cells
have been reported to cause growth inhibition, cell
cycle arrest at the G2-M phase, increased apoptosis and
decreased clonogenicity [48]. In vivo, antisense inhibi-
tion of stathmin has been shown to result in inhibition
of tumorigenicity of leukemic cells [47].

Stathmin promotes microtubule destabilization by
complexing with two molecules of dimeric ab-tubulin
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[49]. Phosphorylation of Ser16 and Ser63 reduces
tubulin binding and inhibits stathmin-induced desta-
bilization of microtubules in vitro [50]. Thus it is
possible that in prostate cancer cells, differential Ser16
and Ser63 phosphorylation influence microtubule
reorganization and differentially regulate protein
kinase activity in response to androgen or antiandro-
gen treatment.

The anti-microtubule drug Taxotere inhibits micro-
tubule assembly and blocks cell cycle progression
similar to that seen with Taxol treatment. It has been
used as chemotherapeutic agents in breast, ovarian,
and PCa patients. Therefore, one strategy for the
treatment of PCa would be to use anti-stathmin
strategies with anti-microtubule drugs in combinator-
ial therapy. This may be a potent anti-cancer strategy
since both therapies target the same microtubule
pathway. Furthermore, stathmin antisense molecules
have been reported to sensitize K562 cells to Taxol
treatment, thereby inhibiting their proliferation and
clonogenic potential [51]. Similar observations in breast
cancer and PCa cell lines suggest that stathmin
represents an important molecular target for develop-
ing novel anticancer therapies [52,53]. Combinatorial
strategies that targetmicrotubule function to inhibit the
cell cycle and prevent tumor growth for treating PCa
have not yet been evaluated in the clinic. Under-
standing the pathways, which activate stathmin
expression would facilitate in designing specific com-
binatorial therapeutic strategies for the treatment
of PCa.

Protein phosphorylation can be dysregulated in
various pathological conditions and this can modulate
key functions such as activity, localization, stability,
and conformation. Tyrosine phosphorylation of AR in
LNCaP cells by Epidermal Growth Factor (EGF)
regulatesAR transcriptional activity [54]. EGF-induced
tyrosine phosphorylation of AR regulates nuclear
localization of AR and promote AR-dependent growth
of C-81 prostate cancer cells in an androgen-deprived
environment [54].

Phosphorylation of serine residues modulates
stathmin function. We have demonstrated the serine
residues of stathmin are differentially phosphorylated,
with Ser63 being primarily phosphorylated in the
androgen-sensitive LNCaP cell line and Ser16 being
predominantly phosphorylated in androgen-indepen-
dent PC-3 and DU145 cells (Fig. 7). This differential
phosphorylation suggests that the PKA signaling
pathway may be more important in androgen-depen-
dent PCa whereas PAK1/Ca2þ/calmodulin-depen-
dent kinase may play a role in hormone-resistant PCa.
Interestingly, Ser16 phosphorylation in LNCaP cells
increased following androgen or antiandrogen treat-
ment and treatment with DHT and antiandrogen in

combination increased Ser16 phosphorylation syner-
gistically (Fig. 8). Upregulation of Ser16 phosphoryla-
tion was also observed in androgen-independent PC-3
and DU145 in the absence of any hormonal treatment
(Fig. 7), suggesting that this increase may be a mech-
anism by which androgen independence develops.
Inhibitionofstathminphosphorylationhasbeenreport-
ed to promote G2/M arrest in leukemic K562 cells [30].

In summary, our study indicates that stathmin is
localized to luminal secretory cells in PCa and that
increased stathmin expression occurs in more
advanced PCa. We also demonstrate that stathmin is
differentially phosphorylated in androgen-sensitive
and androgen-independent cell lines and this phos-
phorylation is modulated by androgen and anti-
androgen treatment. It remains to be determinedwhich
pathways, alone or in combination, are activated by
modulating stathmin phosphorylation status and
whether this confers survival advantages on cells by
promoting cell cycle progression and the development
of androgen independence.
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